The Douglas-Kroll transformed Dirac-Coulomb Hamiltonian is used to describe scalar-relativistic effects in solids. A Hartree-Fock approximation with periodic boundary conditions makes it feasible to use methods originally developed for atoms and molecules to solve the corresponding equations for crystalline systems. The implementation is realized within the CRYSTAL program. Scalar-relativistic effects in silver compounds of FCC structure such as AgF, AgCl, AgBr and Ag are investigated for the molar formation energy, the lattice parameter, the isothermal bulk modulus and the pressure derivative.
INTRODUCTION
In the last decade, methods for treating relativistic effects in heavy atoms and molecules have been developed in order to extend the applicability of ab initio quantum chemical methods to heavy atoms and molecules. Recently, different approaches and their realizations were compared as concerning the accuracy and efficiency of the method [1] . A detailed discussion of the accuracy of different relativistic approximations by the investigation of hydrogenic energy levels can be found in Ref. [2] . The Douglas-Kroll (DK) transformed Dirac-Coulomb Hamiltonian [3, 4] is considered to be an efficient and reliable approximation for calculations on relativistic systems. The theoretical framework of this approximation is based on quantum electrodynamics, and as one main consequence this relativistic Hamiltonian is variationally stable and therefore has normalizable bound-state solutions. The application of external-field projection operators which project onto the positive-energy states of the Dirac single-particle Hamiltonian leads to a two-component formalism which is separable in a spin-free and a spin-dependent part. There has been an extensive discussion of relativistic effects in the framework of this approach for atoms and molecules such as silver and gold [5, 6] , gold hydride [6, 7] and gold fluoride [8] using the Hartree-Fock (HF) approximation as well as various methods including electron correlation effects and spin-orbit effects [9] .
There is also a plenitude of methods for treating relativistic effects in solids. The mainstream approach in this field being density functional theory (DFT) in the local density approximation (LDA). All these methods are, in principle, based on a relativistic extension [15, 16, 17] .
The extension of HF methods in solid-state theory to the relativistic case [18] is less obvious, however in practice, the treatment of potentials of non-spherical symmetry (and the non-local exchange potential) requires an effort which is much larger than in the nonrelativistic case. Consequently, it seems to be a reasonable idea to use the DK transformation for the one-electron operators also in HF calculations with periodic boundary conditions. In this Letter we describe a corresponding implementation of the method in the CRYSTAL88 program [19, 20] and report first applications of the code.
METHOD
The spin-free part of the DK Hamiltonian is used to treat scalar-relativistic effects in solids. Using atomic units (with the electron mass m = 1), the relativistic operator has the following form:
The brackets {, } denote the anticommutator {a, b} = ab + ba. The operator W sf 1 is an integral operator with kernel
Within this approach the use of the non-relativistic Coulomb repulsion instead of the transformed two-electron term is a good approximation if scalar-relativistic effects are considered [5] .
An all-electron ab initio HF approximation for crystalline systems has been realized in the CRYSTAL88 program [19, 20] . To construct a Fock operator in an atomic orbital (AO) basis (direct space representation) within this approach including the above relativistic operators, three main steps are necessary:
1. In order to represent the operator R i V ext (i) R i in Eq. (1) in an AO basis, we have to calculate matrix elements of the operator p i V ext (i) p i .
2. The Bloch function (BF) representation of the kinetic energy, the external potential and the additional matrix elements mentioned above is used to get a representation of the relativistic operators in the BF basis.
3. To get a representation of the relativistic operators in direct space, those quantities are Fourier transformed back to the AO basis.
We make use of the fact that scalar-relativistic effects are short-range [16] . Therefore, the long-range tail of the electrostatic potential calculated in the CRYSTAL88 program by means of Ewald sums [21] is not relativistically corrected. Rather, the relativistic contribution of Each AO is expanded in real spherical Gaussian-type functions (SGTF) [20, 22] . We denote by [ω g] = χ Ω (r−g−s ω ) the ωth AO of the primitive unit cell identified by the vector g located on an atom whose image in the primitive unit cell is assigned by the fractional vector s ω ; g, h, ... label direct lattice vectors and Ω = (n, l, m) denotes the quantum numbers characterizing the AO. For simplicity we write 1,2 for ω 1 , ω 2 in the following. To evaluate the integrals, we calculate additional matrix elements of
in a basis of SGTF of the form
These integrals result from the operator R, which is equal to the linear momentum p = −i∇ times a p 2 -dependent kinematical factor. In practice, we calculate these derivatives with Cartesian Gaussian-type functions (CGTF) and transform the corresponding integrals to SGTF afterwards [22] .
In order to adapt the basis set to the translational invariance of the crystal, the AOs are used to build BFs [20, 23] . It is convenient to use this basis to get a matrix representation of non-local operators such as E, A and (E + mc 2 ) −1 because by definition this is the basis in which the matrix of one-electron operators is symmetry blocked. When the BF representation of the kinetic energy operator T
is expressed in its eigenbasis
-the diagonal matrix λ(12k) contains the positive real eigenvalues of T (12k) and the unitary matrix U(12k) the corresponding eigenvectors -the BF representation of an analytic function f ( T (12k)) corresponding to operators like E(12k), A(12k) and (
is given by
Here we assume that this relationship holds approximately also in the finite matrix representation given by the AO basis set, from which the BFs are constructed. The contribution of those operators to the relativistic external potential V 
from which the full potential matrix V C,sf eff (12g) is generated by applying the appropriate rotation matrices [20, 23] . The relativistic operator E(12k) is treated likewise.
The Fock operator expressed in an AO basis can formally be written as sum of a oneelectron and a two-electron part
The contribution of Eq. (1) to the Fock operator is related to H(12g) and does not include any relativistic correction of the long-range behaviour of the electrostatic potential Z(12g)
because it is restricted to the direct space potential zone. We thus include relativistic effects due to the external potential by adding the difference of the relativistic potential and the non-relativistic potential calculated in this zone to the total non-relativistic potential as calculated in the CRYSTAL88 program.
Thus, the delicate treatment of the Coulomb series [21] remains the same. As usual the total HF energy per primitive unit cell is given by
where P (12g) denotes the density matrix of a crystal [24] .
TECHNICAL DETAILS
Scalar-relativistic effects in several simple silver compounds of FCC structure such as AgF, AgCl, AgBr and Ag are investigated using this method with the reoptimized uncontracted basis sets for F, Cl and Br of Dunning [25] and for Ag of Martin [26] . In crystalline compounds low-exponent functions are likely to introduce linear dependencies. Therefore, diffuse exponents (≤ 0.04) of the basis set for Ag are discarded. Concerning the question whether HF solutions for conductors are appropriate in spite of the vanishing density of states at the Fermi level and the related problem of finding appropriate HF solutions of the free electron gas, we refer to Ref. [24] and references therein. Basis sets and details of the atomic and the CRYSTAL88 HF calculations using H sf 1 + in the relativistic case and resulting total HF energies are given in Tables I and II. All calculations are realized close to program limitations and whereever possible parameters for high-precision calculations [20] are used. To realize an accurate representation of the relativistic operators, it is convenient to use relatively large uncontracted basis sets. In order to obtain a reliable transformation from indirect space (k space) to direct space, the number of k points used to realize the integration over the IBZ should also be large. The geometry optimization is realized with the restart option GEOM of the CRYSTAL88
program [20] . Two different equations of state (EOS) deduced by Murnaghan and Birch, respectively, [27] are used to fit the total energy as a function of the lattice parameter.
Though nearly all the results are only weakly dependent on the applied EOS -except the pressure derivatives of Ag and AgBr -the accuracy of the fit and especially related results such as bulk moduli and pressure derivatives have to be investigated carefully (for details see Table III) .
A corresponding ECP calculation of AgCl [29] is repeated (see Table IV ) to ensure compatibility of all used parameters. Since small-core pseudopotentials for Ag are used, it is assumed that frozen-core effects are small and relativistic all-electron HF calculations are comparable with corresponding ECP calculations.
RESULTS
Although relativistic effects are widely discussed in literature (see Ref. [28] and references therein), ab initio calculations of silver halides with FCC structure including scalarrelativistic corrections are rare [30] and in most cases pseudopotential approaches are used to consider those effects (see Ref. [29] and references therein). By way of contrast, due to the simple structure of diamagnetic metals relativistic calculations of metallic silver are numerous (see Refs. [16, 17] and references therein). Nevertheless, scalar-relativistic effects without any substantial approximation of the crystal potential have not been investigated before.
The results of the investigated FCC crystals are collected in Table III . Properties such as the lattice parameters and the related molar volumes show small effects -they decrease up to 2.0% respectively up to 5.8% (for Ag) as compared to the non-relativistic values. The corresponding decrease of the nearest-neighbor distances lies between 0.8 pm for AgF and 6.4 pm for Ag -relativistic bond-length contractions of similar molecules are larger [28, 31] .
Looking at the molar HF binding energies, a remarkable bond destabilization of the halides is observed -the molar HF binding energies are higher up to 8.9% (for AgF) as compared to the non-relativistic values. This trend is in accord with the finding in molecular compounds that noble-metal halides with a halogen more electronegative than the metal itself experiences a relativistic destabilization of the bond, along with a bond length contraction [32] . For Ag we find a large bond stabilization of about 34.5%. Bulk moduli and pressure derivatives change up to 7.5% (for Ag) respectively up to 8.2% (for AgCl) when the EOS of Murnaghan [27] is used. Corresponding fits of total HF energies versus the lattice parameters of AgBr and Ag are shown in Fig. 1 and Fig. 2 ., respectively.
Although scalar-relativistic HF calculations are not directly comparable with calculations using scalar-relativistic ionic pseudopotentials in the framework of the LDA [17] due to the missing treatment of correlation effects, our results suggest that relativistic effects in 4d metals are overestimated when ionic pseudopotentials are used (for a comparison of absolute values see annotation in Table III ). This could explain why non-relativistic values of 4d metals are slightly closer to experiment than scalar-relativistic ones (see Ref. [17] and references therein).
In Table IV we compare crystal properties of AgCl at various levels of theory. All calculations are founded upon a periodic HF approach realized in the CRYSTAL program [19, 33] .
Results for different a posteriori density functional corrections and experimental values are included [29] . We find remarkable agreement between relativistic HF calculations using H sf 1 + and relativistic ECP calculations using pseudopotentials of Hay and Wadt (see Ref. [29] )
concerning the bulk modulus and the lattice parameter. Slight differences are observed for the molar formation energy and the pressure derivative. Corresponding fits of total HF energies per primitive unit cell versus the lattice parameter of AgCl are shown in Fig. 3 .
CONCLUSIONS
We have calculated scalar-relativistic effects of crystalline properties such as lattice parameters, molar formation energies, bulk moduli and pressure derivatives of various silver Table II . 
